The joint x-ray/neutron diffraction model of the Type I copper protein, amicyanin from Paracoccus denitrificans was determined at 1.8 Å resolution. The protein was crystallized using reagents prepared in D 2 O. About 86% of the amide hydrogen atoms are either partially or fully exchanged, which correlates well with the atomic depth of the amide nitrogen atom and the secondary structure type, but with notable exceptions. Each of the four residues that provide copper ligands is partially deuterated. The model reveals the dynamic nature of the protein, especially around the copperbinding site. A detailed analysis of the presence of deuterated water molecules near the exchange sites indicates that amide hydrogen exchange is primarily due to the flexibility of the protein.
C
upredoxins comprise a class of Type I blue copper proteins that participates in respiratory, anabolic and catabolic processes in plants and bacteria by mediating biological electron transfer (ET) (1, 2) . Amicyanin is an 11.5 kDa protein that belongs to a distinct subclass of cupredoxins found in bacteria. It differs from its closest relatives, plastocyanin, and pseudoazurin, by having 20 additional residues at its N-terminus (3). In the copper-binding site of amicyanin, two histidine, one cysteine, and one methionine provide copper ligands. Amicyanin mediates ET from methylamine dehydrogenase (MADH), a quinoprotein containing the tryptophan tryptophylquinone prosthetic group, to c-type cytochromes (4, 5) . Several x-ray crystallographic studies have been carried out on amicyanin from Paracoccus denitrificans, its mutants, its binary complex with MADH, and its ternary complex with MADH and cytochrome c-551i (3, (6) (7) (8) (9) (10) (11) . These x-ray studies in combination with spectroscopic and kinetic studies established this ET complex as a paradigm for elucidating factors that control rates of ET through and between proteins (12) . Specific amino acid residues of amicyanin have been altered to modulate the driving force (ΔG o ), electronic coupling (H AB ), or reorganization energy (λ) that in turn effect the ET rates within the MADH-amicyanin-cytochrome c-551i complex (12) . Several site-directed mutations that alter the kinetic mechanisms of these ET reactions and convert true ET reactions to coupled or gated ET reactions have also been characterized with this system (12) .
Previous studies indicated that the electronic properties of amicyanin are influenced by the H-bonding interactions and protonation states of residues close to the copper site. However, despite extensive biophysical and structural studies, and amicyanin crystals that diffract x-rays to 0.75 Å resolution (PDB code 2OV0), a detailed understanding of the mechanisms by which these electronic properties are influenced by the protein environment has been hampered by lack of information on the precise positions of hydrogens. Furthermore, predictions of ET pathways through proteins and calculations of H AB for protein ETreactions have been based upon the x-ray crystal structures and exclude possible contributions of protein dynamics to the ET process.
A joint x-ray/neutron (XN) diffraction study was performed to determine precisely the position of hydrogen atoms, the extent of hydrogen/deuterium exchange (HDX), and the flexibility and dynamic nature of amicyanin. Both x-ray (1.5 Å) and neutron (1.8 Å) crystallographic data were used to determine the structure (13) . This study presents the first neutron structure of a copper protein. Information on the H-bonding pattern and protonation sites around the copper site, and evidence for protein dynamics in the region of the protein through which ET occurs, provides new insight into how the protein controls ET. In addition, determination of the precise orientations of the water molecules in the structure provides detailed information on their role in stabilization of the tertiary structure.
The first neutron protein structure was solved about forty years ago (14) , but application of neutron diffraction (ND) to macromolecules was limited by several factors (15, 16) . In particular, large crystals and long exposure time of several days to weeks were required. Recent developments in sample perdeuteration, the development of large position-sensitive detectors, the development of quasi-Laue methods at reactor neutron sources, and time-of-flight Laue methods at spallation neutron sources, have led to a significant decrease in the crystal size requirement to approximately 0.1 mm 3 , depending on the ratio of the sample volume to the asymmetric unit volume (15) . Nonetheless, the Protein Data Bank (PDB) contains ND structures for only 23 independent entries (i.e., with sequence identity ≤95%) including two nucleic acids. Therefore, this new structure of a coppercontaining redox protein represents an important addition to this knowledge base.
Results XN Structure of Amicyanin. Neutron data collected from a crystal of amicyanin, exchanged against deuterated mother liquor for several months, in combination with x-ray data collected from To whom correspondence should be addressed. E-mail: sukumar@anl.gov.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 0912672107/DCSupplemental. similar crystals of smaller size at room temperature, allowed the determination of the complete structure of amicyanin including H/D atoms. The XN structure was refined to 1.8 Å with R and R free values of 20.9 and 23.4, respectively (Fig. 1) . All of the main chain atoms and nearly all side chain atoms with hydrogens/ deuteriums have nuclear density (Fig. 2 A and B and Fig. S1 ). In these maps deuterium atoms (neutron scattering length of 6.67 × 10 −15 m) appear as strong positive peaks, whereas hydrogens (neutron scattering length of −3.74 × 10 −15 m) appear as negative troughs (Fig. 2 A and B) . This enables the identification of exchangeable hydrogen atoms to correlate with the dynamics of the protein.
The secondary structure of amicyanin is comprised of nine β-strands that form two β-sheets and a few reverse turns, but no helical segments ( Fig. 1) (9) . The rms deviation between the XN model of amicyanin and the initial x-ray model (PDB code 1AAC) is 0.11 Å for all the C α atoms. The amide nitrogen B-factor plots of the x-ray and neutron structures of amicyanin at room temperature show a similar pattern (Fig. S2 ) but the neutron model B-factors are consistently higher than those of the x-ray model. Both graphs show peaks around residues 20 and 50. The average non-hydrogen B-factors of each residue in the neutron model is also consistently higher than that of the x-ray model.
Amide Hydrogen/Deuterium Exchange. The degree of backbone amide hydrogen/deuterium exchange (HDX) was determined by individual occupancy refinement of main-chain amide hydrogens, and were classified as nonexchanged (0-15%D), partially exchanged (15-70%D), and fully exchanged (70-100%D) (17, 18) as shown in Figs. 1 and 3. There are 98 amide nitrogens out of 105 residues (omitting 7 proline residues) that can undergo HDX. Of these, 14 are nonexchanged, 36 are partially exchanged and 48 are fully exchanged. The nonexchanged amides are contained within β-strands 4, 5, 7, 8, and 9. In β-strand 1, all the amides are fully exchanged except Tyr8. It has been reported (19) that the average level of HDX for amides in β-strands is 0.42 compared to 0.57 for α-helical and 0.65 for unstructured regions. In amicyanin, the average level of HDX for the β-strands is 0.53, indicating that the structure of amicyanin is highly dynamic. It is important to note that the amide of Glu31, which is the point where ET to cytochrome c-551i is proposed to occur (20) , is fully exchanged. The amide nitrogens for the copper ligands are all partially exchanged ( Fig. 3 and Fig. S1 ). Interestingly, His53, Cys92, and His95, which are exposed to solvent, have levels of HDX in the range of 0.18-0.21, the Met98, which is the furthest from the surface, exhibits a high level of HDX of 0.60.
The correlation between HDX and atom depth was analyzed. The protein core can be defined as the collection of residues (Val102, His56, Trp45, and Val55) within 1 Å of the deepest residue (21) (Fig. 4) . However, a recent study indicated that the core boundary could be defined as ≤3. 8 Å from the deepest residue (19) . Val55 is the deepest residue in amicyanin, with an atomic depth of 6.5 Å. There are 17 residues in amicyanin that have an atom depth ≥3.8 Å (Fig. 4 ). Of these, 7 residues are fully exchanged. The deepest fully exchanged residue in amicyanin is Val102, which is at a depth of 5.5 Å. Table S1 lists the nonexchangeable amide nitrogens and their depth. Interestingly, there are 7 residues with atomic depth ≤3. 8 Å that did not exchange. Further analysis of the linear dependency of HDX with atomic depth, B-factor, H-bonding distance, and solvent accessibility, based on a recent study (19) , indicates that HDX strongly correlated with the atomic depth of the amide nitrogen (Fig. S3A) . The other parameters, solvent accessibility, B-factor, and H-bonding distance are less well correlated with HDX ( Fig. S3 B-D) .
Protonation Sites. ND maps clearly identify the protonation states of the five histidine residues in amicyanin (Fig. 2B) . The side chains of His36 and His91 are protonated at ND1 and NE2 and therefore carry a formal charge of þ1 (Table S2) . However, His53, His56, and His95 are protonated only at NE2 and are neutral. The ND1 positions of His53 and His95 are coordinated to the copper ion whereas His56-ND1 accepts a deuterium from Thr93-OD forming a strong H bond.
The NZ atoms of the eight lysine residues are positively charged with three H/D atoms. The Arg, Asn, and Gln residues contain mixtures of H/D bound to their side chain nitrogen atoms. The hydroxyl groups of all the Tyr, Ser, and Thr side chains also contain mixtures of H/D bound to their side chain oxygens.
H-bond Analysis. Several H bonds, N-H⋯O, C-H⋯O, N-H⋯S, and C-H⋯S around the copper-binding site of amicyanin were identified. For the oxidized (PDB code 1AAC) and reduced (PDB code 1BXA) 1.3 Å resolution x-ray structures, the hydrogen positions were generated from stereochemical information as it was not possible to observe experimentally their positions using the x-ray data alone. There are 12 residues around 8 Å of the copper site, Met51, His53, Asn54, Met71, Met72, His91, Cys92, Pro94, His95, Pro96, Met98, and Arg99 (Fig. 5) . These residues form eight conventional H bonds, seven N-H⋯O and one N-H⋯S (Table S3A) . They also form 31 C-H⋯X bonds, 27 C-H⋯O, and 4 C-H⋯S (Table S3B) .
The presence of all predicted conventional H bonds in the oxidized x-ray structure is directly confirmed in the XN structure, albeit with some differences in both distances and angles for some of the H bonds (Table S3A ). The XN structure provides additional information on the exchangeability of the participating hydrogen atoms. The important H bond between the N-Asn54 and S-Cys92, which was first predicted by resonance Raman spectroscopy (22) and helps to stabilize the conformation of the cysteine ligand, is intact in the XN structure (Fig. 5) . The amide hydrogen of Asn54 at atomic depth of approximately 4.2 Å is not exchanged and is 100% H.
The presence of all predicted C-H⋯X bonds around 8 Å of the copper site in the x-ray structure of the oxidized form is directly confirmed in the XN structure ( Fig. 5 and Table S3B ), again with some differences in bond distances and angles. However, five of these C-H⋯X bonds are absent in the reduced structure. All of these H bonds involve the copper ligand-His95 (with Pro52, Pro94, Met98, and a water molecule), which undergoes a pH-induced conformation change in the reduced state (23) .
Hydration Structure. In the XN structure, 91 well-ordered water molecules were found and oriented unambiguously with their D-atoms ( Fig. 2A) . All of the water molecules except for one (No. 287) are in the primary hydration shell, i.e., within 3.6 Å from one of the protein atoms. The D 2 O molecule closest to the copper site is approximately 7.5 Å away. There are 30 residues with a water molecule located ≤3.6 Å from its amide nitrogen. Of these, 17 are fully exchanged, 12 are partially exchanged, and one is nonexchanged and corresponds to 35%, 33%, and 7% of the total residues in each category.
Four interior water molecules in the x-ray structure of amicyanin (9) were previously implicated in stabilizing secondary structural elements (Fig. 6) . Water 201 was inferred to form H bonds with Ser7-N, Ser7-O, Ser79-N, and Ser79-O. All four H bonds are present in the XN structure and the amide nitrogens of both Ser7 and Ser79 are fully exchanged. Water 203 was inferred to form H bonds with Tyr90-OH, Thr32-O, and Lys101-O, which are part of three different β-strands. In the XN structure, all of these H bonds are present and the hydroxyl group of Tyr90 is fully exchanged. Water 205 was inferred to form H bonds with Val55-N and Pro70-O, thereby bridging β-strands 5 and 6. Both H bonds are present in the XN structure, but the amide nitrogen of Val55 is not exchanged. Water 206 was inferred to form H bonds with Val58-O, Leu62-N, and Ala65-O. In the XN structure, the H bonds with Leu62-N and Ala65-O are present but the H bond with Val58-O is prevented due to the orientation of the water molecule. The amide nitrogen of Leu62 is fully exchanged. In addition, water 206 forms a weak N-D⋯O bond with Gly63. The x-ray and XN structures reveal a role for this water molecule in stabilizing the loop containing residues 57-67 (9) . Each of these four water molecules also forms C-H⋯O bonds; water 201 with Ile5-CG and Ser79-CB, water 203 with Leu35-CB and Tyr90-CE1, water 205 with Gly69-CA and Asn54-CA, and water 206 with Ala66-CA (Fig. 6) .
Discussion
A structural model of the Type I copper protein amicyanin was constructed from the combined x-ray and neutron diffraction data. The locations and orientations of the H/D atoms of the protein and solvent molecules were unambiguously determined. The results provide evidence of the dynamic nature of the protein structure and its influence on its role as an ET mediator. An analysis of the C-H⋯X bonds was performed to examine previously unidentified roles of these weak H bonds in redox and ET properties of a metalloprotein.
HDX of the residues that provide the copper ligands indicates that the protein is very dynamic in that functionally important region. Despite this dynamic nature, all of the conventional H bonds around 8 Å of copper site that are predicted to occur in the x-ray structure are directly observed in the XN structure ( Fig. 5 and Table S3 A and B). The level of HDX correlated well with atomic depth although seven amide groups with depth ≤3.8 Å did not exchange ( Table S1 and Figs. 1 and 3) . Significantly, each is involved in the H bonds that stabilize formation of β-strands and resides in β-strands that exhibited low propensity for HDX. Furthermore, the fully exchanged amide group of Val102, at a depth of 5.5 Å, indicates that the hydrophobic core of amicyanin is not fully protected from the solvent. Thus, the HDX does not correlate exclusively with atom depth, despite the simple tertiary structure of amicyanin, and demonstrates that certain regions of amicyanin are more dynamic than others. The residues involved in the H bonds with interior water molecules that stabilize the tertiary structure (Fig. 6 ) exhibit full HDX except the amide of Val55, which is at an atom depth of 6.5
Å. This is another indication of the flexibility of amicyanin. Also, the analysis of the presence of the water molecules near the fully, partially and nonexchanged residues clearly indicates that HDX is primarily due to flexibility of the protein rather than chance occurrence of deuterated water molecules near the exchange sites.
The analysis of the crystal structure of the tertiary complex of MADH, amicyanin, and cytochrome c-551i indicated that the likely point of interprotein ET from amicyanin to cytochrome c-551i is Glu31 (24) . A pathway analysis of the tertiary complex using the Greenpath program (25) predicted two possible ET paths from the copper to the heme iron with similar efficiency (Fig. 7) (24) . In one, the electron exits copper via a through-space jump to Cys92, whereas in the other it exits via a through-space jump to the Met98. In the first pathway, another through-space jump from Cys92 to Tyr30 is required whereas in the second a through-space jump from Met98 to Lys29 is required. Both pathways then follow the polypeptide chain to the carbonyl oxygen of Glu31, which is H-bonded to the amide of Gly72 and near the heme group of the cytochrome (8) . Inspection of the structure, analysis of the atomic packing density (26) , and predictions of the relative efficiency of H AB also indicate that the most direct route for ET is the region of the protein occupied by these residues. As these calculations were performed using x-ray crystal structures, the dynamic motion of the residues during the ET was not considered. In the present XN structure, the dynamic nature of individual residues could be ascertained based on HDX. The XN model reveals that the environment around the copper site as well as all of the residues implicated in mediating ET through amicyanin exhibit significant HDX, and thereby are clearly dynamic (Figs. 1, 3, and 7) . The amide nitrogens of Lys29 and Cys92 are 19-33% exchanged while Met98, Tyr30, and Glu31 are 60-88% exchanged. The sulfur hydrogen of Cys92 is 67% exchanged and the hydroxyl hydrogen of Tyr30 is completely exchanged. The Cys92 amide forms an N-D⋯O hydrogen bond with the carbonyl oxygen of Met98 whereas the Tyr30 hydroxyl group forms a strong O-D⋯O bond with Asn54. The Cys92-CB is involved in a C-H⋯O bond with Tyr30-OH. Along the electron path, there are intraresidue C-H⋯O bonds formed between the carbonyl oxygen and CB atoms of Tyr30 and Glu31.
The evidence for the dynamic nature of amicyanin provides a reasonable explanation for previous ET results. Analysis of the ET reaction from copper to heme in the MADH-amicyanin- cytochrome c-551i complex in solution yielded a value for H AB of 0.3 cm −1 , which was unusually large, given the ET distance of approximately 23 Å (20) . Subsequently a study of this same ETreaction in crystals of the protein complex (27) yielded a much slower rate and a much smaller value for H AB of 7.3 × 10 −4 cm −1 . The experimentally determined reorganization energies for the reactions in solution and in the crystal state were identical; only the H AB was affected. These observations may be explained by the finding in this present study that the amicyanin molecule, particularly the portion of the protein through which ET occurs, is highly dynamic, much more so in solution than in the crystalline state. Small decreases in the distances of through-space jumps in ET pathways or increases in the atomic packing density (26) that transiently occur as a consequence of the dynamic nature of the protein would effectively increase H AB in solution relative to the crystal state.
The C-H⋯X bonds are weak (approximately 1-2 Kcal mol −1 ) compared to conventional N-H⋯O and O-H⋯O H bonds (2-10 Kcal mol −1 ) (28) (29) (30) . It is been shown that the strength of C-H⋯O bonds can be as high as 3-5 Kcal mol −1 depending on its environment and its strength could increase significantly by cooperative H bonding (31) . The H-bonding analysis of amicyanin reveals that of the 39 H bonds present around 8 Å of copper site, only 8 of them are conventional whereas 31 of them are C-H⋯X hydrogen bonds (Figs. 5 and 7 and Table S3 A and B). Thus whereas C-H⋯X bonds may be relatively weak, when present in large numbers and in a collective manner, they play an important role in stabilizing the structure. The five H bonds absent in the reduced state compared to oxidized state are C-H⋯X type, which suggests that they influence the function of the redox-active metal center.
Materials and Methods
Amicyanin from P. denitrificans was isolated and purified as previously described (5) and was subjected to H 2 O∕D 2 O exchange prior to crystallization. Large crystals suitable for ND studies were grown using a batch method by repeated macroseeding with microcrystals obtained by vapor diffusion as described previously using buffer and salts prepared in D 2 O (10, 11).
The neutron data were collected using a large crystal approximately 2 × 1 × 1 mm in size at the Los Alamos Neutron Science Center as described elsewhere (11) . The x-ray data were collected with a smaller crystal approximately 0.2 mm in size at the Northeastern Collaborative Access Team 24ID-C beamline of the Advanced Photon Source. The x-ray and ND data from the deuterated amicyanin were processed and scaled using HKL2000 (32) and a modified d*TREK and LAUENORM (11, 33, 34) , respectively. Both the x-ray and ND data were collected at room temperature.
Initially, the x-ray structure of deuterated amicyanin was solved by molecular replacement using EPMR (35) with the nondeuterated model of amicyanin (PDB code 1AAC) using only the x-ray data. Subsequently, the model was subjected to alternate positional and B-factor refinement and water molecules were added based on an x-ray difference Fourier map.
The simulated annealing refinement and annealed omit map protocol was applied once to the model. Throughout the refinement, the quality of the model was monitored by calculating R free [based on 4% (581 reflections)] of the total reflections (36) . When the R and R free values were in midtwenties, joint x-ray and neutron refinement was started using CNS (37) , modified for neutron refinement [nCNS (13) ]. Hydrogen atoms were introduced into the model based on their expected positions for nonionizable residues. Then, based on the x-ray 2f o − f c density, neutron 2f o − fc density, and neutron negative 2f o − f c density, the H/Ds were interchanged. The degree of exchange of H/D at amide nitrogen atoms was assessed by manually replacing hydrogen atoms (neutron scattering length b H ¼ −3.739 fm) with deuterium atoms (b D ¼ 6.671 fm) and allowing the occupancies to be refined between −0.56 (nonexchanged H) and 1.00 (fully exchanged D). The −0.56 value is the relative scattering length of hydrogen compared to deuterium. The 2f o − f c neutron density map of the copper site is shown in Fig. S1 . The B-factor and occupancy factor for hydrogen were refined and in turn used to distinguish the H/D positions. The occupancy refinement of H/D was performed using only the neutron data. During the joint x-ray and neutron refinement, only the x-ray test dataset was used to monitor the quality of the model. The final model contains 91 water molecules. The final R∕R free values were 20.9 and 23.4, respectively. The data collection and refinement statistics are given in Table S4 .
Hydrogens were generated using Phenix (38) for the x-ray models of oxidized amicyanin (PDB code 1AAC) and reduced amicyanin at pH 4.4 (PDB code 1BXA). The H-bonding analysis was performed using the programs HBAT (39) and CONTACT of CCP4 (40), with standard H-bonding criteria set as dðH⋯AÞ ≤ 3.0 Å and θðX-H⋯AÞ ≥ 90° (41) . The atom depth, calculated as the distance between each amide nitrogen atom to the closest solvent accessible neighboring atom, was carried out using DPX server (42) . The solvent accessible surface area was calculated with a probe radius of 1.4 Å (43) using AREAIMOL of CCP4 (40) and CCP4MG (44) . All diagrams except Fig. 3 (45) were produced by CCP4MG (44) .
